Abstract -The Ka-band is considered a viable band for future 5G backhaul links. Planar filters in this frequency range have low aspect ratios for substrates thicker than 10 mil, since the required 50 line width becomes comparable to a guided wavelength. This paper proposes the use of grounded throughhole plated vias as transitional combline / evanescent-mode resonators. The principle is demonstrated with a 4 th order, 27.5 -29.5 GHz filter in a conventional 32 mil thickness RF substrate. The simulated filter features below 2 dB insertion loss across the band and occupies 3.8 x 1 mm board space.
I. INTRODUCTION
Millimeter wave frequencies have received recent interest as band of choice for future 5G communication networks [1] , with the Ka-band channels at 28 GHz and 38 GHz exhibiting favorable propagation characteristics in urban environments. Although filters at these frequencies have been successfully demonstrated in conventional metal waveguide [2] , on-chip [3] , LTCC [4] and LCP [5] media, conventional PCB processes on RF soft substrates are cheaper for low production volumes.
Millimeter wave planar transmission line resonators are typically realized on 10 mil [6] or 5 mil [7] substrates because the guided wavelength becomes comparable to the width required by a 50 transmission line on thicker substrates. This leads to low aspect ratio resonators. The use of substrate integrated waveguide [8] is a viable solution to this shortcoming, but these occupy significantly more board space than a coplanar waveguide (CPW) or microstrip transmission line filter of equivalent frequency and order.
Grounded via holes in conventional soft substrates [9] [10] have been shown suitable for realizing resonators in conventional soft substrates, occupying less space than horizontal etched lines [11] or capacitively loaded SIW resonators [12] that delimit cavities with via holes. The most important shortcoming to the state-of-the-art on this filter topology is, however, that neither the use of either coupled TEM line [13] nor coupled resonator [12] synthesis techniques have been demonstrated in realizing these filters.
This paper contributes to the state-of-the-art of coupled grounded via resonator filters by presenting a coupled resonator synthesis, demonstrating implementation in a conventional two-layer substrate, and first time implementation at K a -band frequencies. In all cases, full-wave EM simulation is performed with CST Microwave Studio 2014 using the general purpose frequency domain solver with tetrahedral mesh.
II. FILTER GEOMETRY
The proposed filter geometry is shown in Fig The categorization of this filter as transitional combline / evanescent-mode filter is in keeping with the nomenclature established in [14] . The resonant E-field plot in Fig. 2 indicates a coaxial resonance as opposed to a cavity resonance observed in evanescent-mode SIW resonators [12] or evanescent half-mode resonators [15] . Fig. 2 . yz-plane cross section of E-field at resonance.
The resonant frequency is therefore not only controlled by the size of the capacitive load (as set by the size d n = w n = l n ) but also the height of the substrate (Fig. 3) . This supports the coupled resonator (as opposed to coupled TEM line, as is used for true combline filters) design approach, with full-wave EM CAD tools used to evaluate the mixed electric/magnetic coupling between adjacent resonators. 
III. SYNTHESIS AND SIMULATION
To demonstrate the design, a 4 th order Chebyshev filter is synthesized to cover the FCC and ITU regulated 27.5 -29.5 GHz fixed microwave communications band. Following the conventional CAD-assisted synthesis of microwave coupled resonator filters [16] , the theoretical synthesis requires resonator coupling values k 12 = k 34 = 0.0563, k 23 = 0.0451 and external Q-factor Q e of 17.04. The filter is simulated on Rogers RO4003C of thickness 32 mil (0.813mm).
As is expected with electric coupling, Q e is proportional to d 01 (Fig. 4) while k n,n+1 is inversely proportional to d n,n+1 as shown in Fig. 5 . Fig. 4 . Q e vs. d 01
Fig. 5. k vs. d n,n+1
The final filter is dimensioned as shown in Table 1 , with simulated results shown in Fig. 6 . The filter exhibits below 2 dB insertion loss across the band of interest, and occupies 3.8 x 1 mm board space. Compared to other single layer soft substrate filters (Table II) is evident that, not only is this the first time a Ka-band filter has been presented in a substrate thicker than 0.5mm, but that it represents the state-of-the-art in footprint size for filters around 28 GHz. 
